Introduction
============

Hepcidin is a small polypeptide hormone, consisting of 25 amino acids, that is obligatory for iron regulation \[[@r1],[@r2]\]. Hepcidin is expressed predominantly in the liver. The peptide exhibits bactericidal activity at high non-physiologic concentrations; this coupled with the peptide's hepatic origin was the basis of the name "hepcidin" for the peptide and hepatic antimicrobial peptide (*HAMP* HGNC ID: 15595; OMIM: [606464](http://www.ncbi.nlm.nih.gov/omim/?term=606464)) for the gene \[[@r3]\]. However, at physiologic concentrations, the sole function of this peptide is to regulate iron homeostasis. The iron export transporter ferroportin, expressed on the basolateral membrane of intestinal cells and on the plasma membrane of macrophages, is the target for hepcidin \[[@r4],[@r5]\]. Upon interaction with hepcidin, ferroportin undergoes proteosomal degradation, consequently resulting in decreased delivery of dietary iron from the intestinal cells into the blood and decreased release of iron from macrophages that originate from degradation of hemoglobin and other heme-containing proteins. Thus, elevated levels of hepcidin in the circulation cause systemic iron deficiency whereas decreased levels of hepcidin cause iron overload. The expression of hepcidin in the liver is under strict regulatory control; three proteins, namely, HFE (histocompatibility antigen associated with iron \[Fe\] regulation or high Fe), hemojuvelin (HJV or HFE2), and interleukin-6 (IL-6), have robust control of the transcription of *HAMP*, all facilitating hepcidin expression \[[@r1],[@r2],[@r4]-[@r9]\]. Inactivating mutations in HFE and HJV lead to decreased circulating levels of hepcidin, resulting in the genetic iron-overload disease, known as hereditary hemochromatosis \[[@r1],[@r2]\]. The same is true with inactivating mutations in hepcidin \[[@r1],[@r2]\].

HJV is a membrane-bound protein anchored to the lipid bilayer via glycosylphosphatidylinositol \[[@r10]\]. HJV also exists in a soluble form as a result of proteolytic cleavage by the enzyme furin \[[@r11]\]. When present in the membrane-bound form, HJV serves as a coreceptor for bone morphogenetic proteins, particularly BMP6, and induces hepcidin expression via phosphorylation of Smads 1/5/8 \[[@r12],[@r13]\]. The soluble form of HJV traps BMPs by binding to them, and consequently blocks BMP signaling, phosphorylation of Smads, and transcription of *HAMP* \[[@r10],[@r14]\]. IL-6 induces *HAMP* transcription through phosphorylation of STAT3 \[[@r15]\]; this activity is responsible for elevation of circulating levels of hepcidin during inflammation, causing inflammation-associated anemia \[[@r16]\]. The mechanism by which HFE induces *HAMP* expression remains unknown.

Iron is obligatory for normal function of the retina. Since excess iron can cause oxidative damage whereas iron deficiency would compromise retinal function, iron levels in the retina must be tightly regulated. Until recently, it was assumed that the retina is immune to changes in circulating levels of iron because of the presence of the blood--retinal barrier. However, recent studies have shown that retinal iron levels are drastically altered in diseases associated with disruption of systemic iron levels \[[@r17],[@r18]\]. However, this is not because the retinal iron levels respond passively to circulating levels of iron but because almost all iron-regulatory proteins that are expressed in the liver and other tissues are also expressed in the retina. Importantly, evidence has emerged in recent years to indicate that the retina maintains significant autonomous control in iron homeostasis \[[@r17],[@r18]\]. Various cell types within the retina actively participate in maintaining iron homeostasis. HFE is expressed exclusively in the RPE where the presence is restricted to the basolateral membrane \[[@r19]\]. HJV is expressed in all cell retinal cell types, and its expression in RPE is restricted to the apical membrane \[[@r20]\]. Hepcidin is expressed throughout the retina \[[@r21],[@r22]\]. Dysregulation of retinal iron homeostasis in humans and mice resulting in increased accumulation of iron within the retinal tissue is associated with a phenotype resembling age-related macular degeneration \[[@r22]-[@r29]\].

More recently, a new regulator of systemic iron status has been discovered. The serine protease matriptase-2 (also known as TMPRSS6; transmembrane protease serine 6), has emerged as a critical regulator of iron homeostasis. Matriptase-2 is a membrane-bound enzyme that cleaves membrane-associated HJV and thus blocks the ability of HJV to induce hepcidin production \[[@r30],[@r31]\]. The soluble form of HJV that is produced by furin-mediated cleavage is not a substrate for matriptase-2 \[[@r32]\]. Inactivating mutations in *TMPRSS6* lead to elevated levels of membrane-bound HJV, increased BMP signaling, and abnormally high levels of hepcidin \[[@r33],[@r34]\]. The consequence of such mutations is systemic iron deficiency and the disease is called iron-refractory iron-deficiency anemia (IRIDA) \[[@r33],[@r34]\]. Since we have shown recently that HJV is expressed robustly in all retinal cell types and plays an important role in retinal iron homeostasis \[[@r20]\], we asked whether the newly identified iron regulator matriptase-2 has any role in retinal iron status. No information is available in the literature on the expression or function of this enzyme in the retina. The purpose of the present study was to examine the expression of matriptase-2 in the retina and investigate the relevance to retinal iron homeostasis using the matriptase-2 knockout mouse (known as *mask* mouse because of the characteristic loss of hair in the body trunk but preservation of facial hair) \[[@r35]\]. In this mouse, matriptase-2 is synthesized as a truncated protein that has no catalytic activity due to the deletion of the entire serine protease domain located in the C-terminal domain \[[@r32],[@r35]\].

Methods
=======

Reagents
--------

Reagents were obtained from the following sources: reagent for RNA preparation (TRIzol; Invitrogen-Gibco, Grand Island, NY); Dulbecco's Modified Eagle Medium:Nutrient Mixture F-12 (DMEM/F12) culture medium (Invitrogen, Carlsbad, CA), RT--PCR kit (Applied Biosystems, Foster City, CA), *Taq* polymerase kit (TaKaRa, Tokyo, Japan), normal donkey serum (Jackson ImmunoResearch, West Grove, PA), and JB-4 solutions (Polysciences, Warrington, PA). The following antibodies were used: chicken anti-MCT1 (Alpha Diagnostic International, San Antonio, TX), goat anti-neogenin and rabbit anti-IL-6 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-hepcidin (Abcam, Cambridge, MA), rabbit anti-Smad5 and rabbit anti-pSmad1/5/8 (Cell Signaling, Danvers, MA), rabbit anti-hemojuvelin (GenScript, Piscataway, NJ), mouse monoclonal anti-pSTAT3 (Cell Signaling), and rabbit anti-transferrin receptor 1 (Alpha Diagnostic International). Two different rabbit polyclonal antibodies specific for matriptase-2 (Abcam) were used: one (catalog \# ab28287) targeted against the stem region of the protein, which is present in the truncated matriptase-2 expressed in the *Tmprss6^msk/msk^* mouse, and the other (catalog \# ab42463) targeted against the C-terminal catalytic domain of the protein, which is absent in the truncated matriptase-2 expressed in the *Tmprss6^msk/msk^* mouse. Rabbit anti-H-ferritin and rabbit anti-L-ferritin antibodies were a generous gift from Dr. Paolo Arosio, University of Brescia, Brescia, Italy. Goat anti-chicken immunoglobulin G (IgG) coupled to Alexa Fluor 568, donkey anti-goat IgG coupled to Alexa Fluor 568, and donkey anti-rabbit IgG coupled to Alexa Fluor 568, 555, and 488 were purchased from Molecular Probes (Carlsbad, CA).

Animals
-------

Breeding pairs of *matriptase-2* heterozygous mice (*Tmprss6^msk^*) on a C57BL/6 background were purchased from the Scripps Research Institute (La Jolla, CA). The homozygous knockout *mask* females (*Tmprss6^msk/msk^*) are sterile because of the profound iron deficiency that cannot support pregnancy. Therefore, we generate the *mask* mice for our studies by crossing *mask* males with heterozygous females; even with this breeding scheme, the litter size is always small, indicating significant prenatal lethality. Genotyping was performed to identify wild-type, heterozygous (*Tmprss6^msk^*), and homozygous (*Tmprss6^msk/msk^*) mice in the litters. Age-matched wild-type and knockout (*Tmprss6^msk/msk^*) mice were selected from the same litters for comparison studies. The knockout mice have a homozygous mutation in *matriptase-2* induced by *N*-ethyl-*N*-nitrosourea, which results in a truncated matriptase-2 with no proteolytic active site located at the C-terminal tail (matriptase-2 null) \[[@r35]\]. All procedures involving mice were approved by the Institutional Committee on Animal Use for Research and Education at the Georgia Regents University and were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Preparation of eye sections and immunofluorescence analysis
-----------------------------------------------------------

Mice were killed by carbon dioxide asphyxiation followed immediately by cervical dislocation. For studies using frozen sections, eyes were enucleated and oriented in Tissue-Tek O.C.T. compound so that the 10-μm-thick sections included the full length of the retina approximately along the horizontal meridian, passing through the ora serrata and the optic nerve in the temporal and nasal hemispheres. After rapid freezing in liquid nitrogen, the cryosections were prepared and mounted on slides (Superfrost; Fisher Scientific). They were stained with hematoxylin and eosin (H&E) to examine morphology. Additional cryosections were used for immunohistochemical studies.

Cryosections of mouse eyes were fixed in 4% (v/v) paraformaldehyde for 10 min, washed with 0.01 M Dulbecco's PBS (1X; 1.5 mM KH~2~PO~4~, 8.1 mM Na~2~HPO~4~, 137 mM NaCl, 2.7 mM KCl)/0.1% Triton X-100 (pH 7.4), and blocked with 4% normal donkey serum for 1 h. Sections were then incubated overnight at 4 °C with one or more of the following primary antibodies: chicken anti-MCT1 (1:1,000), goat anti-neogenin (1:100), rabbit anti-matriptase 2 (1:50), rabbit anti-H-ferritin (1:2,000), rabbit anti-L-ferritin (1:2,000), rabbit anti-hemojuvelin (1:100), rabbit anti-hepcidin (1:100), rabbit anti-Smad5 (1:50), rabbit anti-pSmad1/5/8 (1:50), and rabbit anti-IL-6 (1:200). Negative control sections were treated identically, but in the absence of the primary antibody. Sections were rinsed and incubated for 1 h with the corresponding secondary antibody, either independently or together as needed, at a dilution of 1:1,000. Coverslips were mounted after staining with Hoechst nuclear stain, and sections were examined with a fluorescence microscope (Leica DM5500B, Leica Microsystems, Buffalo Grove, IL) or laser-scanning confocal microscopy (Carl Zeiss Meditec).

JB-4 plastic sections and morphometric analysis
-----------------------------------------------

Eyes were enucleated and fixed for 1 h at room temperature (22 °C) in 2% (w/v) paraformaldehyde/0.2% glutaraldehyde in 0.1 M sodium cacodylate/HCl buffer (pH 7.4) in sucrose and post-fixed for 1 h with 1% tannic acid in 0.1 M sodium cacodylate buffer. Tissues were dehydrated using a graded series of ethanol solutions and infiltrated overnight in 1.25% benzoyl peroxide using the JB-4 embedding kit. The next day, the eyecups were oriented and embedded in plastic as recommended in the embedding kit. Sections, 2-μm thick, were cut and used for histological analysis after H&E staining.

H&E-stained sections of retinas from 5-month-old *Tmprss6^msk/msk^* mice along with age-matched wild-type mice were used for systematic morphometric analysis with a fluorescence microscope (Leica DM5500B, equipped with a DFC450 camera and the LAS AF program). Measurements included the thicknesses of the total retina, RPE, inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), and the photoreceptor inner/outer segments. The number of cell bodies in the ganglion cell layer (GCL) was quantified by counting cells from the temporal ora serrata to the nasal ora serrata, and the data are expressed as number of cells per 100-μm length of retina. Three measurements were made on each side (temporal and nasal) of the optic nerve at 200- to 300-μm intervals, resulting in six measurements per eye. Two measurements on either side of the optic nerve were taken as the central retina, and the remaining four measurements from that eye were considered the peripheral retina. Both eyes were analyzed in each mouse. Statistical analysis was performed with the Student paired *t* test (wild-type versus knockout); p\<0.05 was taken as significant.

Primary cultures of retinal pigment epithelium, Müller cells, and ganglion cells from mouse retinas
---------------------------------------------------------------------------------------------------

Cultures of RPE, Müller, and ganglion cells from mouse retinas were established as described previously \[[@r36]-[@r38]\]. Total RNA was isolated from these primary cultures for analyzing mRNA levels for matriptase-2, hemojuvelin, and neogenin.

RT--PCR:
--------

RNA was isolated from the wild-type and *Tmprss6^msk/msk^* mice by TRIzol extraction, and RT--PCR was performed using the GeneAmp RT--PCR kit. PCR primers were designed based on the sequence information available in GenBank for mouse cDNAs. The primer sequences are given in [Table 1](#t1){ref-type="table"}. PCR was performed using a commercially available Taq polymerase kit. The sizes of the PCR amplicons were as follows: matriptase-2, 842 bp; neogenin, 621 bp; hemojuvelin, 551 bp; HFE, 142 bp; hepcidin, 188 bp; TfR1, 633 bp.

###### Sequences of RT-PCR primers used in the present study.

  Gene           Species   Primer sequence (5'-3')      Product size (bp)
  -------------- --------- ---------------------------- -------------------
  HFE            Mouse     F:GGCTTCTGGAGATATGGTTAT      142
                           R:GACTCCACTGATGATTCCGATA     
  Hepcidin       Mouse     F:GCACCACCTATCTCCATCAACAGA   188
                           R:GGTCAGGATGTGGCTCTAGGCTAT   
  Hemojuvelin    Mouse     F:GGCTGAGGTGGACAATCTTC       551
                           R:GAACAAAGAGGGCCGAAAG        
  TfR1           Mouse     F:GCCCAAGTATTCTCAGATATGAT    633
                           R:TAGAAGTAGCACGGAAGTAGTCTC   
  Matriptase-2   Mouse     F:CCCTCTCTGGACTACGGCTTGGC    842
                           R:CGGCTCACCTTGAAGGACAC       
  Neogenin       Mouse     F:TCGAACATTCACTCCGTTTTA      621
                           R:CGCATCAGAAATACCAAGTCTAC    

The following primers were used to quantify ID1 mRNA in the mouse retina with real-time PCR: forward primer 5′-CGA CTA CAT CAG GGA CCT GCA-3′ and reverse primer 5′-GAA CAC ATG CCC CCT CGG-3′. For HFE, hepcidin, hemojuvelin, and TfR1, the same primer pairs described for RT--PCR were also used for real-time PCR. Real-time amplifications, using SYBR Green detection chemistry (Applied Biosystems), were run in triplicate on 96-well reaction plates.

Data analysis
-------------

All experiments were repeated three to five times with independent cell or tissue preparations and samples run in duplicate. Data are presented as mean±standard error of the mean (SEM). Statistical significance was determined with the Student t test and one-way ANOVA with Tukey-Kramer's post-hoc tests for comparisons between two groups or multiple groups, respectively. Differences were considered statistically significant at p\<0.05.

Results
=======

Expression of matriptase-2 in the mouse retina and its colocalization with hemojuvelin in the apical membrane of retinal pigment epithelium
-------------------------------------------------------------------------------------------------------------------------------------------

We first used RT--PCR to examine the expression of matriptase-2 and its substrate hemojuvelin in the mouse retina and in primary cultures of mouse RPE, Müller cells, and ganglion cells. Matriptase-2 mRNA was present in the neural retina as well as in RPE/eyecup and was detected in primary cultures of RPE, Müller cells, and ganglion cells ([Figure 1A](#f1){ref-type="fig"}). Similarly, hemojuvelin was also expressed in the neural retina, RPE/eyecup, and primary cultures of all three retinal cell types examined (RPE, Müller cells, and ganglion cells). Neogenin is a receptor for the repulsive guidance molecules (RGMs), and hemojuvelin, also called RGMc, is a member of this group. Recently, neogenin has been shown to be a regulator of hepcidin expression in the liver; deletion of neogenin leads to reduced BMP signaling, decreased hepcidin expression, and enhanced accumulation of iron in the liver \[[@r39]\]. Neogenin is required for the control of hepcidin expression by hemojuvelin; it interacts with matriptase-2 and hemojuvelin in a ternary complex and facilitates the cleavage of membrane-bound hemojuvelin by matriptase-2 \[[@r39]\]. Therefore, we monitored the expression of neogenin in the mouse retina with RT--PCR and found the expression pattern of neogenin mRNA to be as ubiquitous as that of matriptase-2 mRNA and hemojuvelin mRNA ([Figure 1A](#f1){ref-type="fig"}). Immunofluorescence analysis of matriptase-2 protein paralleled its mRNA expression pattern ([Figure 1B](#f1){ref-type="fig"}). The protein was detected in ganglion cells, Müller cells, and RPE. It was also present in various other neuronal cells, including the photoreceptor cells. We then focused on RPE, a polarized cell with its apical membrane facing the subretinal space and the basolateral membrane facing the choroidal circulation, for the expression of matriptase-2. Since we have previously shown that hemojuvelin is expressed only on the apical membrane of RPE \[[@r20]\], it was important to know if matriptase-2 and its proteolytic substrate hemojuvelin are colocalized in the same membrane. It was indeed the case ([Figure 1C](#f1){ref-type="fig"}). The apical membrane localization of matriptase-2 was further confirmed by its colocalization with MCT1, a marker for RPE apical membrane. In contrast, there was no evidence of colocalization for matriptase-2 and *HFE*, an iron-regulatory protein that is present only in the basolateral membrane of RPE. Neogenin was also found in the RPE apical membrane ([Figure 1C](#f1){ref-type="fig"}).

![Expression of matriptase-2 in the mouse retina. **A**: RT--PCR analysis of mRNAs for matriptase-2, neogenin, and hemojuvelin in the neural retina (NR) and the RPE/eyecup and in primary cultures of RPE (1°RPE), Müller (1°MC), and ganglion (1°GC) cells isolated from mouse eyes. 18S was used as an internal control. RT--PCR was repeated with RNA preparations from three different mice, and the results were similar. **B**: Immunofluorescence localization of matriptase-2 protein in the mouse retina: left-hand panel, nuclear specific Hoechst staining; right-hand panel, pattern of matriptase-2 expression. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. **C**: Polarized expression of matriptase-2 in RPE investigated by comparing its expression pattern with that of monocarboxylate transporter 1 (MCT1; a marker of RPE apical membrane) and Hfe (a marker for basolateral membrane). In addition, the relationship between the expression pattern in the RPE of matriptase-2 with that of neogenin (a protein that interacts with hemojuvelin) and hemojuvelin (the substrate for matriptase-2) was also studied. The immunocomplexes were detected with appropriate secondary antibodies conjugated to either Alexa Fluor 568 (red) or Alexa Fluor 488 (green). Immunofluorescence localization studies were repeated with retinal sections prepared from two different mice.](mv-v20-561-f1){#f1}

Specificity of matriptase-2 immunostaining in the retina and morphology of retina in matriptase-2-knockout (*Tmprss6^msk/msk^*) mice
------------------------------------------------------------------------------------------------------------------------------------

To determine the specificity of the matriptase-2 staining in the retina described in [Figure 1B](#f1){ref-type="fig"}, we wanted to compare the immunostaining between the retinal sections prepared from wild-type mice and matriptase-2 knockout (*Tmprss6^msk/msk^*) mice. However, the antibody we used initially to generate the data in [Figure 1B](#f1){ref-type="fig"} was not suitable for this purpose. This particular antibody was raised against a peptide sequence located in the stem region of matriptase-2; but the *mask* mice (*Tmprss6^msk/msk^*) express a truncated matriptase-2 protein that still contains the stem region \[[@r35]\]. Therefore, we used another antibody that was targeted against the protease catalytic site located in the C-terminal domain of the protein; this region is absent in the truncated protein generated in the *mask* mouse. With this antibody, we compared the matriptase-2 immunostaining in retinal sections between wild-type mice and *Tmprss6^msk/msk^* mice. Again, the expression of matriptase-2 was evident in all layers of the retina when examined with the retinal sections from wild-type mice, but the staining was completely absent in retinal sections from the knockout mice when processed under identical conditions ([Figure 2A](#f2){ref-type="fig"}). These data confirm the specificity of the matriptase-2 antibody and thus the specificity of the immunostaining observed in the wild-type mouse retina.

![Specificity of matriptase-2 staining in retina and retinal morphology in wild-type and *Tmprss6^msk/msk^* mice. **A**: The expression pattern of matriptase-2 was analyzed in retinal sections prepared from wild-type mice and *Tmprss6^msk/msk^* mice using an antibody specific for the C-terminal tail of the matriptase-2 protein. The *Tmprss6^msk/msk^* mouse expresses a truncated matriptase-2 that lacks the C-terminal tail. The experiment was repeated twice with retinal sections from different wild-type mice and *Tmprss6^msk/msk^* mice. **B**: Retinal morphology as assessed with hematoxylin and eosin staining of retinal sections from wild-type and *Tmprss6^msk/msk^* mice. Eyes from 5-month-old wild-type and *Tmprss6^msk/msk^* mice were enucleated, fixed, and embedded in JB-4. Sections were cut at 2-μm thickness and examined with light microscopy. The morphology was examined individually with retinal sections prepared from four wild-type mice and four *Tmprss6^msk/msk^* mice, and the results were similar.](mv-v20-561-f2){#f2}

We have shown previously that deletion of *HFE* and *HJV* in mice leads to excessive iron accumulation in the retina and iron-induced oxidative stress, resulting in significant retinal degeneration \[[@r27],[@r29]\]. Deletion of matriptase-2 in mice causes systemic iron deficiency \[[@r35]\], but the retina has not been evaluated in these mice. Therefore, we examined the retinal morphology in matriptase-2-knockout mice. When examined with 3-month-old or 5-month-old mice, the gross morphology of the retina was not different between the *Tmprss6^msk/msk^* mice and the age-matched wild-type mice ([Figure 2B](#f2){ref-type="fig"}). However, an in-depth morphometric analysis revealed small, but significant, differences in specific parameters in 5-month-old wild-type and *Tmprss6^msk/msk^* mice ([Figure 3](#f3){ref-type="fig"}). This included an increase in the thickness of the whole retina as well as various individual nuclear and cell layers in the *Tmprss6^msk/msk^* mouse. This difference was more prominent in the peripheral retina than in the central retina. Such changes, however, were not detectable in 3-month-old *Tmprss6^msk/msk^* mice (data not shown). These results suggest that the changes in retinal morphology in the *Tmprss6^msk/msk^* mouse represent an age-dependent phenomenon. Since the *Tmprss6^msk/msk^* mice die prematurely due to severe iron deficiency, we were not able to analyze the retinal morphology in these mice beyond 5 months of age.

![Morphometric analysis of peripheral and central retinas from wild-type mice and *Tmprss6^mas/msk^* mice. The parameters measured included the thickness of various cell layers, the number of cell nuclei in various cell layers, and the thickness of the entire retina. Measurements were made in the central retina as well as in the peripheral retina. \* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001. RPE, retinal pigment epithelium; OS, outer segment of photoreceptors; IS, inner segment of photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Results are from the analysis of retinal sections from three wild-type mice and three *Tmprss6^msk/msk^* mice.](mv-v20-561-f3){#f3}

Evidence of iron deficiency in the mask mouse retina
----------------------------------------------------

Systemic iron deficiency has been demonstrated in *Tmprss6^msk/msk^* mice \[[@r35]\]. Here we examined the iron status in the retina in the *Tmprss6^msk/msk^* mouse. We used the expression levels of H-ferritin and L-ferritin to monitor the iron status. Ferritin is an intracellular iron-storage protein, and its levels go up in iron overload but go down in iron deficiency. With immunofluorescence analysis, we found the levels of the heavy (H) and light (L) chains of ferritin were lower in the *Tmprss6^msk/msk^* mouse (5-month-old) retina than in the age-matched wild-type mouse retina ([Figure 4A](#f4){ref-type="fig"}). RT--PCR analysis revealed marked upregulation in the expression of the iron-regulatory genes *HJV*, *HAMP* (the gene coding for the iron-regulatory hormone hepcidin), and *TfR1* (the gene coding for the transferrin receptor 1 that mediates iron uptake in most tissues; [Figure 4B](#f4){ref-type="fig"}). Quantitative PCR confirmed the upregulation of these three genes. The steady-state levels of mRNAs for HJV, hepcidin, and transferrin receptor 1 increased in the knockout mouse retina sixfold, threefold, and fivefold, respectively. The expression of HFE was reduced in the knockout mouse retina slightly. The increased expression of TfR1 is a strong indicator of iron deficiency. We confirmed this finding by monitoring the TfR1 protein levels with immunofluorescence ([Figure 5](#f5){ref-type="fig"}). The upregulation of HJV and hepcidin at the mRNA level was also confirmed at the protein level with immunofluorescence ([Figure 6A](#f6){ref-type="fig"}). Since hepcidin is the hormone that most other iron-regulatory proteins converge upon to elicit their control over iron homeostasis, we examined the changes in the mRNA levels of hepcidin specifically in the neural retina versus the RPE/eyecup ([Figure 6B](#f6){ref-type="fig"}). Interestingly, the upregulation of *HAMP* expression observed in the *mask* mouse retina was confined to the neural retina. There was no change in hepcidin mRNA levels in the RPE/eyecup between wild-type mice and the *Tmprss6^msk/msk^* mice. These studies clearly demonstrate that the defective function of matriptase-2 causes iron deficiency in the retina.

![Expression of H-ferritin and L-ferritin and reverse transcription-polymerase chain reaction (RT-PCR)/quantitative PCR (qPCR) analysis of mRNA levels for various iron-regulatory genes in wild-type and *Tmprss6^msk/msk^* mouse retinas. **A**: Expression of H-ferritin and L-ferritin was examined with immunofluorescence in 4-week-old wild-type and *Tmprss6^msk/msk^* mouse retinal cryosections. Results are representative of the experiments performed with two wild-type mice and two *Tmprss6^msk/msk^* mice; two different retinal sections were examined for each mouse. **B**: RT--PCR and qPCR analyses of mRNA levels of various iron-regulatory genes in wild-type and *Tmprss6^msk/msk^* mouse retinas (RPE/eyecup plus neural retina). 18S was used as an internal control. The values (mean±SE), obtained with RNA preparations from the retinas of three wild-type mice and three *Tmprss6^msk/msk^* mice, represent fold changes in mRNA levels in the knockout mouse retina compared to the wild-type retina (KO/WT) as assessed with qPCR.](mv-v20-561-f4){#f4}

![Expression of transferrin receptor 1 in wild-type and *Tmprss6^msk/msk^* mouse retinas as assessed with immunofluorescence. Hoechst was used as the nuclear stain. Results shown are representative of the experiments performed with retinal sections from three wild-type mice and three *Tmprss6^msk/msk^* mice.](mv-v20-561-f5){#f5}

![Expression of hemojuvelin and hepcidin in wild-type and *Tmprss6^msk/msk^* mouse retinas. **A**: Immunofluorescent staining of retinal cryosections from 4-week-old wild-type (WT) and *Tmprss6^msk/msk^* (KO) mice was performed for hemojuvelin and hepcidin. The experiment was repeated with two mice (four retinas) for each genotype. **B**: The neural retina and the RPE/ eyecup were isolated from the wild-type and *Tmprss6^msk/msk^* mice, and the RNA samples isolated from these preparations were used for qPCR to assess hepcidin mRNA levels. Data represent the results from three independent RNA preparations (three wild-type mice and three *Tmprss6^msk/msk^* mice). \*\*\* p\<0.001.](mv-v20-561-f6){#f6}

Molecular mechanism of hepcidin upregulation in the mask mouse retina
---------------------------------------------------------------------

Hemojuvelin induces the expression of the *HAMP* through BMP signaling \[[@r12]-[@r14]\]. It has also been shown that BMP signaling is upregulated in the *Tmprss6^msk/msk^* mouse liver, which links the increased expression of hemojuvelin and the increased expression of hepcidin \[[@r35]\]. Based on these findings in the *Tmprss6^msk/msk^* mouse liver, we predicted a similar mechanism for the upregulation of hepcidin in *Tmprss6^msk/msk^* mouse retina. To test the validity of this prediction, we analyzed BMP signaling in the retinas from the 5-month-old wild-type and *Tmprss6^msk/msk^* mice. Contrary to our prediction, BMP signaling was decreased in the *Tmprss6^msk/msk^* mouse retinas compared to the wild-type mouse retinas as evidenced from the decreased phosphorylation of Smad1/5/8 with no difference in total Smad5 protein levels ([Figure 7A](#f7){ref-type="fig"}). The decreased BMP signaling in the *mask* mouse retinas was confirmed by the downregulation of the expression of *ID1*, a target for BMP signaling ([Figure 7B](#f7){ref-type="fig"}). These data demonstrate that hepcidin expression in the *Tmprss6^msk/msk^* mouse retina is upregulated despite the decreased BMP signaling, suggesting some other mechanism. The proinflammatory cytokine IL-6 is a potent inducer of hepcidin expression \[[@r15]\]; therefore, we compared IL-6 expression in the retina between the wild-type and *Tmprss6^msk/msk^* mice. We found significant upregulation of IL-6 expression at the protein level (immunofluorescence; [Figure 8A](#f8){ref-type="fig"}) and at the mRNA level (qPCR; [Figure 8B](#f8){ref-type="fig"}). We also examined the changes in IL-6 signaling by monitoring the phosphoform of the transcription factor STAT3 by immunofluorescence. We found an increase in the levels of the phosphorylated form of STAT3 in the knockout mouse retinas compared to the wild-type mouse retinas ([Figure 8C](#f8){ref-type="fig"}). These data show that the upregulation of hepcidin expression observed in the *Tmprss6^msk/msk^* mouse retina occurs not through BMP but most likely through IL-6.

![Bone morphogenetic protein signaling in wild-type and *Tmprss6^msk/msk^* mouse retinas. **A**: Retinal cryosections from wild-type (WT) and *Tmprss6^msk/msk^* (KO) mice were subjected to immunofluorescence to detect Smad5 and phosphorylated Smad1, Smad5, and Smad8 (pSmad1/5/8). The experiment was repeated with two mice (four retinas) for each genotype. **B**: qPCR analysis was performed to quantify ID1 (inhibitor of differentiation-1) mRNA levels in 3-month-old and 5-month-old wild-type (WT) and *Tmprss6^msk/msk^* (KO) mouse retinas. Data are presented as the fold change in the KO retina relative to the WT retina. Data represent the results from three independent RNA preparations (three wild-type mice and three *Tmprss6^msk/msk^* mice). \*\*\*, p\<0.001.](mv-v20-561-f7){#f7}

![Interleukin-6 signaling in wild-type and *Tmprss6^msk/msk^* mouse retinas. **A**: Immunofluorescent analysis of interleukin-6 (IL-6) expression in wild-type (WT) and *Tmprss6^msk/msk^* mouse retinas using cryosections. The experiment was repeated with two mice (four retinas) for each genotype. **B**: qPCR analysis of IL-6 mRNA levels in 3-month-old and 5-month-old WT and *Tmprss6^msk/msk^* mouse retinas. Data are presented as the fold change in the *Tmprss6^msk/msk^* retina relative to the WT retina. Data represent the results from four independent RNA preparations (four wild-type mice and four *Tmprss6^msk/msk^* mice). \*, p\<0.05; \*\*\*, p\<0.001. **C**: Immunofluorescent analysis of the expression of the phosphorylated form of STAT3 (pSTAT3) in wild-type (WT) and *Tmprss6^msk/msk^* mouse retinas using cryosections. The experiment was repeated with two mice (four retinas) for each genotype.](mv-v20-561-f8){#f8}

Discussion
==========

In the present study, we report for the first time on the expression of matriptase-2 in the retina. The protein is expressed widely in the retina, with evidence of expression seen in the RPE, Müller cells, and ganglion cells. We recently reported that hemojuvelin, a substrate of matriptase-2, is expressed in the retina and that mice lacking hemojuvelin develop iron overload and retinal degeneration \[[@r20],[@r29]\]. Matriptase-2 along with neogenin is known to cleave GPI-anchored HJV into a soluble form and thus block the ability of HJV to induce hepcidin production \[[@r30],[@r31]\]. Thus, we wanted to understand the role of matriptase-2 in hemojuvelin-mediated retinal iron homeostasis. We found that in the RPE, the expression of matriptase-2 is restricted to the apical membrane that faces the neural retina. The specific colocalization of matriptase-2 in the apical membrane of the RPE along with hemojuvelin and neogenin is particularly exciting, given that all these three proteins interact together to regulate hepcidin expression \[[@r39]\]. The RPE is involved in the handling of iron arising from the continuous phagocytosis of outer rod segments. Thus, the RPE must have mechanisms to export iron to protect against the risk of excessive iron accumulation and consequent oxidative stress and tissue damage. The same is true also for heme, and RPE expresses two different heme transporters in a polarized manner \[[@r40]\]. Iron export in other cell types is mediated almost exclusively by ferroportin, and the expression of this transporter has been reported in the RPE \[[@r22]\]. In our previous studies, we have demonstrated that hepcidin, which regulates ferroportin, is also expressed in the RPE \[[@r21]\]. We have also shown that the expression of hepcidin in the RPE is controlled by HFE and HJV during iron overload \[[@r27],[@r29]\]. Hepcidin expression is also regulated during inflammation independent of HFE and HJV \[[@r21]\]. Thus, matriptase-2, neogenin, and hemojuvelin together may play a vital role in regulating the retinal iron homeostasis by regulating local production of hepcidin within the retina by the RPE and other retinal cell types.

In humans, matriptase-2 mRNA is detected almost exclusively in the liver \[[@r41]\]; in contrast, the expression is much more widespread in the mouse, with expression detectable not only in liver but also in other tissues such as the kidney and the uterus \[[@r42]\]. However, none of the reported studies has examined the retina for matriptase-2 expression. The present study provides the first evidence for the expression of this important iron-regulatory protein in the retina. This finding strengthens the currently emerging view that the retina is equipped with all the mechanisms necessary for local control of iron homeostasis independent of systemic iron status. The present study showing the widespread expression of matriptase-2 in the retinal cells prompted us to examine the retina in matriptase-2 knockout mice. For this purpose, we used *Tmprss6^msk/msk^* mice, lacking a functional matriptase-2 protein, that has been reported to have elevated levels of membrane-bound HJV, increased BMP signaling in the liver, and abnormally high levels of hepcidin resulting in systemic iron deficiency \[[@r35]\]; however, the retina has not been examined in this mouse. In line with what was expected, we found that the *Tmprss6^msk/msk^* mice had iron deficiency in the retina marked by a decrease in H-ferritin and L-ferritin levels and drastic upregulation of hepcidin expression. Interestingly, despite the convincing evidence for iron deficiency within the retina in *Tmprss6^msk/msk^* mouse, there are no profound changes in retinal morphology and architecture. It is possible that iron deficiency in this mouse model is not severe enough to cause significant alterations in retinal morphology. Alternatively, the retinal changes that occur in response to iron deficiency might be an age-dependent phenomenon; since *Tmprss6^msk/msk^* mice succumb to death at an early age due to systemic iron deficiency, retinal changes promoted by iron deficiency may not become noticeable at such a young age. We noticed a small, but significant, increase in the thickness of various cell layers in the knockout mouse retina, but how iron deficiency causes these changes remains to be determined.

Inactivating mutations in matriptase-2 lead to iron-deficiency anemia that does not respond well to iron therapy because of the inability to decrease hepcidin production in the liver during iron deficiency \[[@r43]\]. Iron-deficient animals have enhanced expression of matriptase-2 in the liver, suggesting that downregulation of hepcidin expression in response to acute iron deficiency is mediated by an increase in matriptase-2 protein levels \[[@r44]\]. Matriptase*-2* regulates hepcidin expression in the liver through the suppression of BMP/Smad signaling by cleaving the BMP coreceptor HJV \[[@r30],[@r31],[@r45]\]. Livers from mice deficient in matriptase-2 have decreased iron stores and markedly increased mRNA for *ID1*, a target gene of BMP6 signaling \[[@r46]\]. Loss of BMP6 decreases hepcidin levels, increases hepatic iron, and, importantly, rectifies the abnormalities in matriptase-2 mutant mice \[[@r47]\]. Unlike in the liver, the BMP/Smad signaling was downregulated in the *Tmprss6^msk/msk^* mouse retina as evidenced from decreased *ID1* expression, a downstream target of BMP signaling. However, *hepcidin*, another target gene of BMP signaling, was upregulated many-fold in the *Tmprss6^msk/msk^* mouse retina, indicating alternative mechanisms for hepcidin upregulation independent of BMP signaling. Interestingly, earlier studies using double knockouts of matriptase-2 with either HFE or HJV have shown that hepatic hepcidin upregulation in *Tmprss6^msk/msk^* mice occurs irrespective of the presence or absence of HFE or HJV \[[@r48],[@r49]\]. All these studies show that hepcidin can be upregulated in *Tmprss6^msk/msk^* mice independent of HFE and HJV; however, future studies should be aimed at understanding the reason for downregulation of BMP signaling in the retina opposite of the effect reported in the liver of *Tmprss6^msk/msk^* mice.

Hepcidin upregulation occurs either by BMP signaling or through inflammation mediated by IL-6 \[[@r50],[@r51]\]. The elevated IL-6 expression coupled with decreased BMP signaling in the *Tmprss6^msk/msk^* mouse retina shows that the upregulation of retinal hepcidin expression in this mouse model is due to the proinflammatory cytokine IL-6 and not due to BMP. IL-6 influences gene expression through its cell-surface receptor, which ultimately leads to activation of JAK1/2 and consequent phosphorylation of the transcription factor STAT3. The phosphoform of STAT3 translocates to the nucleus to facilitate the transcription of IL-6 target genes such as *HAMP* \[[@r50],[@r51]\]. In the present study, we have shown not only the upregulation of IL-6 at the mRNA and protein levels but also the increased expression of the phosphoform of STAT3 in the matriptase-2 knockout mouse retina. Although these studies convincingly show that the upregulation of hepcidin expression in the matriptase-2 knockout mouse retina occurs most likely via IL-6, the relationship between iron deficiency observed in this mouse and increased IL-6 production in the retina remains to be explored at the molecular level.
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